Abstract-The spectral behavior in the C-band of fiber Bragg gratings (FBGs) was analyzed as a function of temperature and strain. The FBGs were fabricated in pure silica four-leafclover-shaped suspended-core fibers by (DUV) femtosecond laser exposure (3.6 W at 800 nm, 130 fs, 1 kHz frequency tripled to 350 fs, 650 mW at 267 nm). A defect fiber (with a hollow hole in the core) and nondefect fiber were compared both yielding ≈1 pm/μ sensitivity to strain but different sensitivity to temperature (from 3.0 pm/°C to 8.4 pm/°C for the defect fiber and 10 pm/°C for the nondefect fiber). The 16% to 70% relative difference between the thermal coefficients of the two fibers, together with their similar strain sensitivity enables the simultaneous measurement of strain and temperature.
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I. INTRODUCTION

F
IBER Bragg gratings (FBGs) have been extensively used in telecommunication and sensing applications, particularly in strain and temperature sensing due to the attractiveness of the fiber substrate to be used for distributed sensing or under hazardous environments. Besides the standard single mode fibers commonly used, other fibers have been found to be particularly useful for some sensing application like photonic crystal fibers (PCFs) [1] or suspended core fibers (SCFs) [2] . The geometry of an SCF makes them specially attractive for evanescent field sensing [3] and fluorescence spectroscopy [4] , however, due to the absence of a doped core and other difficulties found with hydrogen loading, conventional UV laser writing techniques are not effective in the fabrication of FBGs [5] . The use of femtosecond laser pulses [6] opened the possibility for creating refractive index modulations in the pure silica core, due to the nonlinear absorption observed when the high peak intensity of a femtosecond laser pulse is focused in the transparent core. The SCFs used in this letter were already tested as an interferometric sensor [7] .
In this letter, we use a femtosecond laser writing system developed by IPHT [5] and two SCFs to demonstrate simultaneous temperature and strain measurements. The main advantage provided by these fibers is the possibility of controlling the temperature sensitivity using different core geometries. However, this approach is limited by the difficulty in splicing SCFs with single mode fibers (SMFs).
II. FABRICATION
The fabrication system is described in [5] and consists of a femtosecond infrared oscillator pulse (Coherent Mantis) and a regenerative Ti:Sapphire amplifier (Coherent Legend Elite) which produces 130 fs pulses with 800 nm center wavelength, 3.6 W average power at 1 kHz repetition rate. A third harmonic generation unit produces ≈350 fs pulses with 650 mW average power centered at 267 nm. To define the Bragg grating structures, the beam is focused through a 335 nm focal length cylindrical lens into a Talbot interferometer composed by a phase mask (1065.3 nm periodicity), that splits the beam, and two computer controlled rotation mirrors. The two first diffraction orders from the phase mask are reflected by the mirrors and interfered in the focal plane of the cylindrical lens, where the fiber is positioned. The angle of the mirrors together with the phase mask period define the periodicity of the interference pattern as described in [8] , [9] .
The fibers used, custom made by IPHT, are pure silica suspended core fibers that consist of a silica core, connected by thin silica bridges to the the fiber cladding. The hollow holes around the core provide the confinement needed for single mode waveguide operation in the C-band. A facet view of the fibers used in this demonstration is shown in Fig. 1 . The IPHT-256b5 (Fig. 1b) has a 7.2 μm diameter core and 123 μm diameter cladding while the IPHT-256b2 (Fig. 1a) has a 4.9 μm diameter core, a defect hollow hole inside the core with 1.4 μm diameter and a 106 μm diameter cladding. This hollow hole is considered a defect when its dimensions are similar to the wavelength and therefore small enough not to affect the single mode propagation while significantly contributing to the effective index of the waveguide. To measure the reflected spectrum during fabrication, the SCFs were spliced with standard SMFs and the process was optimized to reduced reflections and prevent interference with the FBGs signal. The propagation losses in the SCFs is in the order of tens of dB/km.
III. THEORETICAL ANALYSIS
The first derivative of the Bragg relation, λ B = 2n , with respect to temperature T is given by Equation 1.
Where λ B is the Bragg resonance, n is the effective index of the waveguide mode and is the periodicity of the FBG. dλ B /dT is the temperature sensitivity of the FBG and d /dT = α L , where α L is the linear thermal expansion coefficient and dn/dT is the thermo optic effect in the waveguide mode. A similar analysis can be found in [10] for evanescent field sensing.
The simplification of Equation 1 by taking into account the thermal expansion coefficient and the Bragg relation yields:
In Equation 2 it is clear that the temperature variation has two effects over the Bragg wavelength shift: The thermal expansion coefficient of the FBG is considered in the first term, increasing the reflected wavelength with temperature, while the second term reflects the thermo optic effect, which changes the refractive index of the waveguide mode with temperature. For pure silica, the thermal expansion coefficient, α L , is 5.5 × 10 −7 K −1 [11] and the thermo optic coefficient is 8.6 × 10 −6 K −1 at 300 K and 1.5 μm wavelength [12] . For air, the thermo optic coefficient is −9 × 10 −7 K −1 [13] . In Equation 2, the presence of air in the defect located in the center of the core of the IPHT-256b2 fiber will reduce the overall thermo optic coefficient of the guided mode, therefore reducing the temperature sensitivity of the FBG when [15] ) will have an even higher effect in reducing the FBG's temperature sensitivity. Table I summarizes the material properties relevant to this letter. The presence of the defect in the IPHT-256b2 fiber will then have a significant contribution to the temperature sensitivity of the written FBG since it will change the thermo optic coefficient of the waveguide mode. This can be useful to tune the sensitivity and perform simultaneous temperature and strain sensing, as well as refractive index sensing with higher sensitivity than that obtained by evanescent field based measurements.
IV. RESULTS
The strain characterization of the FBG fabricated was performed by carefully attaching the fibers to a translation stage with 1 μm resolution that is used to apply tension to the grating region. The grating response to temperature is studied using a tubular oven with an error smaller than 0.1°C. Figure 2 shows the Bragg resonance wavelength and the Bragg resonance wavelength variation respectively as a function of strain (Fig. 2a) and temperature (Fig. 2b) for both IPHT-256b2 and IPHT-256b5 suspended core fibers. The strain dependence measured in Fig. 2a shows that both fibers have very similar behavior with strain, yielding a sensitivity, dλ B /d , of (1.15±0.01) pm/μ and (1.14±0.01) pm/μ for the IPHT-256b2 and IPHT-256b5 fibers, respectively. The thermal sensitivity is clearly shown to be different in Fig. 2b where the Bragg resonance wavelength variation is plotted as a function of the temperature.
Sensitivities of (8.42±0.05) pm/°C for the IPHT-256b2 fiber with air filling the defect and (10.0±0.2) pm/°C for the IPHT256b5 fiber were found. If IPA is used in the 256b2 fiber defect instead of air, the sensitivity to temperature further decreases to (3.0±0.1) pm/°C with the IPA filling not only the central air hole but also the four lateral air holes in the SCF.
With the physical constants summarized in Table I for fused silica and using Equation 2, an approximate theoretical value of 10 pm/°C was found for the temperature sensitivity of the nondefect IPHT-256b5 fiber, assuming that dn/dT is approximately the same in the waveguide as in bulk silica. This result agrees well with the 10.0±0.2 pm/°C experimental result. The 16% to 70% temperature sensitivity variation between the two fibers may be accounted for by the difference in the thermo optic coefficient between fused silica, air and IPA.
Using the sensitivity results from Table II , it is possible to calculate the solution for a measurement of unknown temper- 
Where K is the strain sensitivity, dλ B /d , and K T is the temperature sensitivity, dλ B /dT . The determinant, D, of the matrix in Equation 4 is different than zero which proves that a solution to the set of Equations 3 is possible. Using the sensitivity values from Table II , the determinant for the set of equation using the IPHT-256b2 fibers with air in the defect is D = 1.9 pm 2 μ −1°C−1 while using the same fiber with IPA in the defect will result in D = 8.1 pm 2 μ −1°C−1 . As demonstrated in [16] a higher determinant value, as the one obtained with IPA, allows for higher accuracy in the temperature and strain simultaneous measurement.
The IPHT-256b2 fiber was also characterized as a function of pressure, with a 1 MPa of pressure variation applied, but no measurable shift in the Bragg wavelength was found.
V. CONCLUSION
These results show that the two fibers presented can be used to make simultaneous measurements of temperature and strain. In such a configuration where both fibers are subject to the same amount of applied tension, both would shift approximately the same amount due to that stress while a variation in the difference between the two FBGs would account for the temperature change. The temperature sensitivity dependence in the material filing the defect inside the core of the defect IPHT256b2 fiber may be used to tune the temperature sensitivity of an FBG in such fiber, further increasing the flexibility for sensor design. Furthermore, if temperature sensitivity is tuned to be negligible in a certain range, a strain sensor immune to temperature fluctuations can be demonstrated.
